A simple, convenient, and sensitive spectrophotometric procedure is described for quantitative measurement of nucleoside phosphate binding sites constructed by the dinucleotide fold. The procedure involves difference spectral titration of such enzymes with the dye Cibacron blue F3GA in a spectral region remote from the intrinsic absorbance of proteins or natural ligands. The dehydrogenase, and glyceraldehyde-phosphate dehydrogenase, respectively. The concentrations of phosphoglycerate kinase and subtilisin were determined using E ' values of 4.9 (11) and 11.7 (12) and molecular weights of 47,000 (11) and 27,500 (12) for the two proteins, respectively. The dye concentration was also measured spectrophotometrically at 610 nm using an extinction coefficient of 13.6 mM-1 cm1 determined by dry weight measurements.
2.7.2.3), is illustrated.
We have recently demonstrated (1) that blue dextran covalently attached to Sepharose can be used to prepare an affinity column specific for those proteins whose nucleoside phosphate binding sites are constructed of the supersecondary structure called the dinucleotide fold (2, 3) . Since the aromatic ring(s) of nucleoside phosphates such as NAD and ATP are inserted into apolar pockets when bound to these proteins (4-7), we anticipate that binding of the chromophore of blue dextran, Cibacron blue F3GA, at the nucleoside phosphate site should produce a red shift in the absorption spectrum of the dye. Accordingly, we have investigated the spectral consequences of the interaction of Cibacron blue F3GA dye with several proteins known to possess the dinucleotide fold. Particular emphasis has been placed on the interaction of the dye with lactate dehydrogenase (L-lactate:NAD+ oxidoreductase, EC 1.1.1.27) as a model system, since this protein contains a single dinucleotide fold per subunit and binds a single dinucleotide noncooperatively with a high affinity.
EXPERIMENTAL PROCEDURES
Rabbit muscle M4 (isozyme 5) and beef heart H4 (isozyme 1) lactate dehydrogenase were purchased from the Sigma Chemical Co. Yeast phosphoglycerate kinase (ATP:3-phospho-D-glycerate 1-phosphotransferase, EC 2.7.2.3) and rabbit muscle glyceraldehyde-phosphate dehydrogenase [Dglyceraldehyde-3-phosphate:NAD+ oxidoreductase (phosphorylating), EC 1.2.1.12] were purchased from Boehringer Mannheim while subtilisin Novo (EC 3.4.21.4) was obtained from Novo Industri, Japan. A purified sample of Cibacron blue F3GA dye was kindly provided by Dr. H. Bosshard of Ciba-Geigy, Basel, Switzerland. The structural formula of this dye has been given previously (1) . All proteins and the dye were found to be homogeneous preparations as judged by polyacrylamide electrophoresis measurements. Protein concentrations were measured spectrophotometrically at 280 nm using extinction coefficients of 162 (8) , 210 (9), and 115 (10) mM-1 cm-1 for M4 lactate dehydrogenase, H4 lactate 361 dehydrogenase, and glyceraldehyde-phosphate dehydrogenase, respectively. The concentrations of phosphoglycerate kinase and subtilisin were determined using E ' values of 4.9 (11) and 11.7 (12) and molecular weights of 47,000 (11) and 27,500 (12) for the two proteins, respectively. The dye concentration was also measured spectrophotometrically at 610 nm using an extinction coefficient of 13.6 mM-1 cm1 determined by dry weight measurements.
Difference spectra and difference spectral titrations were performed at room temperature in cuvettes having 10 ith gentle shaking. The cells were covered with aluminum foil during equilibration to prevent any dye-mediated photo-oxidation reactions. Blank cells containing no protein were also equilibrated simultaneously at each dye concentration to measure the binding of the dye to the Visking membrane.
Enzymic activity of M4 lactate dehydrogenase was measured spectrophotometrically by observing the loss of absorbance at 340 nm. The assay solutions contained 10 mM Tris-HCl buffer, pH 7.5, 0.5 mM mercaptoethanol, 0.7 mM sodium pyruvate, the indicated concentrations of NADH and dye, and about 0.04 nM enzyme. All measurements were made in cuvettes having path lengths of 50 mm. Catalysis was initiated by addition of pyruvate. Assay solutions for the H4 isozyme were identical except that the concentration of pyruvate was 0.33 mM, the concentration of enzyme was 0.1 nM, and the cuvettes had path lengths of 10 mm. Michaelis and inhibition constants were calculated by a computer fit of the experimental values to the equation for competitive inhibition using a weighted least squares program. ed from previous affinity chromatographic measurements using blue dextran-Sepharose (1).
RESULTS

M4
Solutions of Cibacron blue F3GA dye in 10 mM Tris-HCI buffer, pH 7.5, exhibit a rather broad spectral absorption maximum centered at 610 nm. In the presence of M4 lactate dehydrogenase the absorption spectrum of the dye undergoes a red shift, producing difference spectra having positive maxima at 660 nm and an isobestic point at 584 nm, as shown in Fig. SA . The increase in the extinction at 660 nm exhibits a hyperbolic dependence on the concentration of added dye, as shown in Fig. 4A , indicating the formation of a protein:dye complex. Since the affinity of the protein for dye is very strong, only the experimental Ac values collected near the limiting value of 3.2 mM-1 cm-1, where an appreciable amount of unbound dye is present, can be used to estimate a dissociation constant. Assuming that the difference spectral measurements also reflect the binding of a single dye per protein subunit, a dissociation constant of 0.49 + 0.16 ,uM was calculated using Eq. 1.
The difference spectrum produced by addition of M4 lactate dehydrogenase to solutions of the dye is quite similar to' the difference spectrum resulting from the presence of 50% ethylene glycol in the dye solvent as shown in Fig. 3B . A solvent containing 50% ethylene glycol would be expected to be 40% as effective as a protein fabric in perturbing the absorbance spectrum of a chromophore (13) . The favorable comparison of the two difference spectra in Fig. 3 suggests that the dye occupies the hydrophobic pockets designed to bind the aromatic rings of NAD or NADH. If this interpretation is correct, then addition of the natural ligands NAD or NADH to the M4 lactate dehydrogenase:dye complex should displace the dye, resulting in the loss of the observed difference spectrum. As shown in Fig. 4B All measurements were made in 10 mM Tris.HCl buffer, pH 7.5, containing 0.5 mM mercaptoethanol at room temperature except for the dialysis measurements which were done at 40. The following abbreviation is used: 3-PGA, 3-phosphoglycerate.
[NaCI], mM positive maximum in the range 660-680 nm appears characteristic for complexation of the dye with proteins containing the dinucleotide fold. Variations in the position of the positive maxima may reflect subtle differences in the orientation of the dye when bound to the protein.
We have also investigated the interaction of the dye with phosphoglycerate kinase in some detail, since the dinucleotide fold in this monomeric protein forms the binding site for a mononucleoside phosphate as contrasted with the dinucleoside phosphate binding site in lactate dehydrogenase. The spectral titration of phosphoglycerate kinase with dye is shown in Fig. 5A . A dissociation constant of 6.9 + 2.0 ttM was calculated for the enzyme:dye binary complex from these titration data using Eq. 1. Addition of increasing concentrations of either ATP or 3-phosphoglycerate to the enzyme:dye binary complex results in a progressive decrease in the difference extinction measured at 680 nm as shown in Fig. 5B . Though not shown, ADP was equally as effective as ATP in decreasing the difference extinction. The average dissociation constants for both enzyme:ligand binary complexes calculated form the data shown in Fig. 5B using Equation 2 are listed in Table 1 . These values are in excellent agreement with both the Km values (11) and Kd values (18) reported for the phosphoglycerate kinase:ATP and phosphoglycerate kinase:3-phosphoglycerate complexes. Addition of increasing concentrations of NaCl to the phosphoglycerate kinase:dye complex also results in a progressive decrease in the difference extinction. As shown in Fig. 5B , about an order of magnitude higher concentration of NaCl is required to produce the same loss of AE680 produced by ATP. At least 200 mM NaCl is required to rapidly elute phosphoglycerate kinase from a blue dextran-Sepharose affinity column, in agreement with the special titration data shown in Fig. 5B . DISCUSSION The principal finding of this report is the development of a simple, rapid and sensitive spectrophotometric procedure utilizing a spectral region remote from the intrinsic absorbance of proteins or natural ligands for measurement of the integrity of either mono- 
